This paper presents the outcomes of a study on the water quality of Dubai Creek which aimed to assess its eutrophication status. Field water quality data from stations along the creek collected in 2012 and 2013 were used. Ordinary least squares (OLS) and spatial autocorrelation analyses were used as part of geographic information system (GIS)-based exploratory regression analysis to study the relationship between chlorophyll-a and nutrients, specifically total nitrogen and phosphate. Multiple logistic regression analysis was used to study the vulnerability of the creek to eutrophication. Results showed unique trends of spatiotemporal variability of chlorophyll-a and nutrients. OLS modeling showed high correlation between field and modeled chlorophyll-a values between Al Garhoud Bridge and Sanctuary stations, located about 2 km upstream and downstream of the Sewage Treatment Plant (STP) Outfall station. Furthermore, results showed the lower half of the creek was more vulnerable to eutrophication than the upper, which was believed to be due to the location of the STP station, poor flushing, shallow water depth, and irregular circulation patterns in the creek. Accordingly, this study recommends development of a mitigation plan in order to control the levels of nutrients in the creek.
INTRODUCTION
In surface water bodies, high concentrations of nutrients, mainly phosphorus and nitrogen compounds are known to cause eutrophication, a process of accelerated growth of algae and other forms of plant. Given that chlorophyll-a is a main indicator of algal growth, investigation of the relationship between chlorophyll-a and nutrients has been great growth in population have taken its toll on the creek; this has been exacerbated by it being a poorly flushed water body (Abu-Hilal et al. ; Hassan et al. ). One major reason for the creek's water quality degradation is the treated sewage discharge from Al-Aweer Sewage Treatment Plant (STP) (Ismail ; Saunders et al. ) . Moreover, the number of ships and boats using the creek has increased rapidly in recent years as Dubai has expanded as a center of trade and tourism. Likewise, the landscape areas on the banks of the creek may have adverse effects on the water quality when fertilizers get washed out by runoffs. Additionally, the stagnant water condition at the bottom of the creek due to poor flushing of the entire water body is considered to be a major factor in pollution of the creek (El-Sammak ;
Howari & El-Saiy ).
Dubai Municipality is operating several stations on the Dubai Creek and along the Dubai coast for water quality monitoring. Major water quality parameters measured at these stations include chlorophyll-a, nitrate, phosphate, dissolved oxygen, turbidity, salinity, and pH. In the past few years, data recorded at these stations showed increased levels of chlorophyll-a and nutrients in the creek to amounts above levels set by the Organisation for Economic Co-operation and Development for assessing the 'eutrophic condition' of water bodies (OECD ). This situation has called for systematic investigation following the harmful algal bloom events (red-tides) in the Dubai and Arabian Gulf area in 2008 and 2009 which caused massive fish kills and forced closure of beaches (Zhao & Ghedira ) . The Emirates Wildlife Society has attributed the events to nutrient pollution and high temperatures (Landais ) . Figure 1 shows the locations of the monitoring stations along the creek (Ali et al. ) . The water quality data obtained from Dubai Municipality for this study were delivered as quarterly averages for 2012 and 2013. Table 1 shows Quarter 2 of 2012 data as a sample of the water quality data used in this study.
The objectives of this paper were to: (1) analyze the spatiotemporal variability of water quality parameters in the Dubai Creek, specifically chlorophyll-a, total nitrogen, and phosphate; (2) study the relationship of chlorophyll-a to total nitrogen and phosphate; and (3) investigate the vulnerability of the creek to eutrophication. Geographic information system (GIS)-based spatiotemporal analysis was used to understand the spatiotemporal variability of major water quality parameters and to discover the underlying patterns and correlations. Exploratory regression (ER) was used to study the relationship between chlorophyll-a and nutrients, and multiple logistic regression (MLR) was used to explore the vulnerability of the creek to eutrophication. 
where z is the dependent variable, x 1 , x 2 , x n are n independent variables, a o is the intercept of the linear model, and a 1 , a 2 , …, a n are the model coefficients.
Spatial autocorrelation analysis in ArcGIS 10.1 is based on Moran's index, and it measures the correlation based on the features' locations and attributes and was therefore used to identify clusters of total nitrogen and phosphate in the creek as they correlate to those of chlorophyll-a.
Use of MLR analysis to study the vulnerability of the creek to eutrophication
In this study, a MLR model was used to determine the probability of occurrence of eutrophication considering total nitrogen and phosphate as the independent variables and chlorophyll-a as the dependent. MLR is a multivariate statistical method that considers independent variables that influence the occurrence of a dependent variable (Shirzadi et al. ) . In order to use MLR efficiently, the use of independent variables that are uncorrelated or have maximum variances is normally recommended. The MLR analysis determines the probability of occurrence of a dependent variable if its independent variables are known. In this study, the estimated values of the probability of occurrence of eutrophication were used to define levels of vulnerability of the creek to eutrophication. The MLR model used in this study has a function of f(z) such that z is the dependent variable that 1 ! f (z) ! 0, and has the following form: 
RESULTS AND DISCUSSION
Examining variability of chlorophyll-a and nutrients
Spatial variation
According to This was similar to the times when chlorophyll-a levels were low. It is indicative of increased phosphorus levels due to the release from dead algae.
Temporal variation
To understand the temporal variation of the major nutrients 
OLS regression modeling
Quarterly-based OLS models of the relationship between chlorophyll-a (dependent variable) and total nitrogen and phosphate (independent variables) were created. Like any time-series data, the quarterly water quality data used in this study have seasonal and trend-cycle components, the first of which was examined in the preceding section. In this section, the trend-cycle component is examined through OLS modeling. Weighted means of the quarterly OLS model coefficients have been used to develop annual OLS models for 2012 and 2013, respectively, using the inverse variances of quarterly-based OLS models as weights. Table 2 shows the annual OLS model variables, coefficients, and results developed for 2012 and 2013. As Table 2 shows, the coeffi- Table 2 , the variance inflation factor (VIF) values of the OLS models were less than 7.5, indicating a lack of redundancy in using these variables. The Koenker statistics values were 2.662 and 3.004, indicating consistent relationships.
Spatial autocorrelation analysis
Spatial autocorrelation analysis was used to study the spatial dependence in each of total nitrogen, phosphate and chlorophyll-a by computing Moran's I indices. Table 3 (Table 2) should be representative of the real association between the three parameters. This is because significant spatial autocorrelation normally exaggerates correlation and regression precision. 
Examining the vulnerability of the creek to eutrophication
The MLR model of Equation (2) 
